Essential oil terpenes are secondary metabolites produced in different biological pathways as pollinator attraction signals, but also as defense mechanisms against insect pests, herbivores, microorganisms, competing plants, etc. In this context, we have evaluated a total of 24 terpenes commonly found in Mediterranean aromatic plants, including 8 monoterpene hydrocarbons, 9 oxygenated monoterpenes, 2 esterified monoterpenes, 3 sesquiterpene hydrocarbons and 2 oxygenated sesquiterpenes in order to determine their antifeedant effects on the Colorado potato beetle (Leptinotarsa decemlineata Say), a major pest of potato crops. Terpene hydrocarbons showed low antifeedant activity, whereas the oxygenated sesquiterpene (-)-α-bisabolol with an inhibition activity of 96.3% was the most active, followed by carvacrol (90.9%), (+)-Terpinen-4-ol (87.1%) and thymol (81.5%). Other terpenes like (1S)-(-)-verbenone (72.9%), (+/-)-camphor (63.4%) and linalyl acetate (60.7%) showed moderate activity. Subsequently, terpenes showing antifeedant activity against this insect were also tested in allelopathic assays to determine potential damage to the crops. Results showed phytotoxic effects for (1S)-(-)-verbenone on Lactuca sativa germination, and for carvacrol on both the seed germination and the leaf and root growth of Lolium perenne. In conclusion, (-)-α-bisabolol is the best option to develop natural antifeedant formulations against L. decemlineata on the basis of its high antifeedant and low phytotoxic activities.
Introduction
Leptinotarsa decemlineata Say (Coleoptera: Chrysimelidae) or the Colorado potato beetle is a common phytophagous insect that generates severe yield losses of potato crops along America, Europe and Asia. This pest is widely known for its high fertility rates and for its capability of developing fast resistances to traditional synthetic agrochemicals (Alyokhin et al., 2006; . Thus, there is an increasing interest in new and safe agrochemicals to avoid resistance and minimize environmental issues. Essential oils (EOs) obtained from the distillation of aromatic and medicinal plants, have been considered as potential exploitable insecticides to control and repel different insects because of their low health and ecological risks (Tampe et al,. 2016; Isman, 2000) . These EOs are complex mixtures of terpenes, which are secondary metabolites produced by aromatic plants involved, among others, in defense mechanisms against phytophagous pests, microorganism diseases, herbivore organisms, etc. The major terpenes found in EOs are the monoterpenes (C 10 ), but they also contain sesquiterpenes (C 15 ) or even traces of some diterpenes (C 20 ). These compounds are common in essential oils of different plants from diverse families including Asteraceae (Leonardi et al., 2013) , Lamiaceae (Herraiz-Peñalver et al., 2015) , Pinaceae (Sadeghi et al., 2013) , Solanaceae (Murungi et al., 2013) , etc. Additionally, recent studies have suggested that the addition of micronutrients and the inoculation of aromatic plants with mycorrhiza can enhance the production of different terpenes as well as other secondary metabolites, increasing the yield of biocidal compounds from natural sources (Yadegari, 2015; Jugran et al., 2015) .
The chemical composition of the EO of each species depends on the population, variety, cultivar, ecotype, the organs from where they are produced, or even on the phenologic cycle (Herraiz-Peñalver et al., 2015) .
Such variability may well reduce the possible resistance mechanisms of L. decemlineata but make rather difficult or even impossible to predict the bioactivity of EOs unless they are directly tested on the insect. In this sense, the individual assays of terpenes might indicate the potential insecticidal activity of EOs with a known chemical composition and facilitate the selection of chemotypes with a higher content of bioactive terpenes. Nonetheless, synergisms or antagonisms among plant compounds may respectively increase or reduce bioactivities, as previously observed for the flavonoid taxifolin on a multiple insecticide-resistant Colorado potato beetle strain (Wang et al., 2016) .
Besides, the synergistic effect of diverse terpenes on
Culex quinquefasciatus Say has also been observed (Pavela, 2015) . Consequently, these aspects should be considered by agrochemical industry when developing commercial biopesticides.
The aim of this work was to assay in choice test the antifeedant capacity of 24 common terpenes widely identified in essential oils of aromatic and medicinal plants from Mediterranean areas against the Colorado potato beetle. This information could be helpful in the selection of essential oils with higher ratios of active compounds and presumably, with a higher bioactivity against this pest. Subsequently, terpenes that showed significant antifeedant activity against L. decemlineata were also assayed for their phytotoxicity in order to identify potential damage to the plants.
Materials and Methods

Terpene standards
Acetone and terpenes including monoterpenes (hydrocarbons, oxygenated and esterified) and sesquiter- Terpenes were weighed in a precision balance (Radwag AS 220/C/2, Radom, Poland) and dissolved in acetone (5 µg/µL) previous to the assays on the insects. 
Insect rearing
Male and Spain) and in growth chambers as described above.
In vitro antifeedant activity
Feeding assays were tested in triplicate in choice tests with four male and female L. decemlineata individuals 
Results
Antifeedant effects
None of the monoterpene hydrocarbons demonstrated potential activity (FI ≤ 60%) ( Table 2 ). In contrast, 
Allelopathic capacities
As observed in Table 3 , none of the terpenes that presented antifeedant activity against L. decemlineata showed noticeable phytotoxicity against the seeds of 
Discussion
Insecticidal activity
The antifeedant activity of the terpenes α-pinene, β-pinene, eucalyptol, β-caryophyllene and caryophyllene oxide against L. decemlineata have been previously investigated by Rodilla et al. (2008) .
Among them, β-caryophyllene and caryophyllene oxide showed high antifeedant activities in contrast to the low percentages that we have observed for these compounds. The activities reported in this study for β-pinene and α-pinene were also higher as compared with our data, whereas the activity of eucalyptol was similar in both works. Kostić et al. (2007) observed a moderate activity of camphor against L. decemlineata adults and larvae comparable to our results. These differences among studies might be related to the potential developing resistance of L. decemlineata against certain compounds, as previously reported (Alyokhin et al., 2006; . In agreement with our results, the antifeedant activity of some terpene standards has been also demonstrated against other beetles. Thus, Yildirim Aleyrodidae). Likewise, Kamatou and Viljoen (2010) have reviewed several aromatic plants with a high content in this compound including Eremanthus erythropappus, Smyrniopsis aucheri and Salvia runcinata. In addition, a possible larvicidal activity of the essential oil of Plinia cerrocampanensis against the yellow fever mosquito Aedes aegypti (Dpitera: Culicidae) has been related to this compound since it is the major component of the oil (Vila et al., 2010) . Salamon et al. (2016) have suggested different breeding programs to develop
German chamomile (Chamomila recutita) with a high content in l-l-α-bisabolol as it is an important indicator of flower quality and value for cosmetic and pharmaceutical industry.
Phytotoxicity
The phytotoxic effects of essential oils and their individual components on different weeds, have been reviewed by Amri et al. (2013) who conclude that thymol and carvacrol present a high activity. For example, Azirak and Karaman (2008) observed that these terpenes present a high phytotoxicity against different weeds, whereas Vokou et al. (2003) have demonstrated moderate negative effects for these terpenes and no effect for linalyl acetate against L. sativa, as also observed in our study. Nevertheless, the above study also shows exceptional phytotoxicities for the (+)-ter- 
Conclusions
This work demonstrates that certain oxygenated ter- Consequently, the use of carvacrol as antifeedant in potato crops should be considered with caution since it could affect the plant development. Nevertheless, carvacrol has been assayed on standard target seeds selected for the study of allelopathy capacities, so a study directly on potato plants is necessary to clarify this point. Thymol and α-bisabolol also presented moderate negative effects on the normal development of L. perenne leaves, whereas (+)-terpinen-4-ol was not Antifeedant terpenes against Leptinotarsa decemlineata phytotoxic. However, the antifeedant activity (EC 50 ) of α-bisabolol was around 10 times stronger than that of (+)-terpinen-4-ol. In addition, the low toxicity of (-)-α-bisabolol to humans has been certified by the Food and Drug Administration (FDA, 2015) who has granted this compound with Generally Regarded As Safe (GRAS) and by the Cosmetic Ingredient Review (CIR) Expert Panel (Andersen, 1999) . Consequently, α-bisabolol is the best option to develop natural antifeedant formulations against L. decemlineata on the basis of the high antifeedant and low phytotoxic activities of this terpene.
